Sensory neurons can exhibit phasic, tonic or phasic-tonic signaling. Phasic receptors adapt rapidly, signal changes in stimulus intensity, and typically function over broad dynamic ranges. They allow animals to monitor changing environmental features. Most sensory receptors that have been genetically dissected are phasic [1] [2] [3] . In contrast, tonic receptors adapt slowly and communicate stimulus duration and intensity. Phasictonic receptors combine phasic and tonic properties 4 . For many sensory modalities, including vision, sound and smell, nervous systems convey both dynamic and static information 5, 6 . For example, retinal photoreceptors and cochlear hair cells transmit a range of stimulus intensities for long periods by changing the tonic rate of transmitter release at ribbon synapses 7 . Tonic receptors are functionally diverse 8 and include proprioceptors 9 , nociceptors 10 , chemoreceptors 6,11 and mechanoreceptors 5 . Typically, these receptor neurons have been characterized electrophysiologically, but the molecular mechanisms underlying their sustained signaling are unclear. Also poorly understood is how their tonic output influences neural circuit properties and behavior.
ciliated head neurons are activated by decreases in [O 2 ] and also help worms locate preferred oxygen levels 19 . Avoidance of low [O 2 ] is less well understood.
Here we show that AQR, PQR and URX are tonic receptors that cause long-lasting changes in neural circuit activity and persistently set C. elegans behavior according to [O 2 ]. We identify a Ca 2+ relay that sustains this tonic signaling. By combining different stimulus dynamics, halorhodopsin and channelrhodopsin activation, and Ca 2+ imaging, we elucidate how these neurons can evoke transient and enduring behavioral change. Fig. 1 ). We focused on mutants defective in the npr-1 neuropeptide receptor, as the reference C. elegans strain, N2 (Bristol), has acquired a gain-of-function mutation in this receptor during laboratory cultivation that inhibits some O 2 -evoked responses 22, 23 . For comparison, we studied the Hawaiian wild isolate CB4856, which retains the natural npr-1 allele 22, 23 (for a complete list of strains and mutants, see the Supplementary Strain List). Altering [O 2 ] evoked persistent behavioral change in npr-1 and CB4856 worms. At 21% O 2 these worms moved rapidly on food, even after 2 h (Fig. 1a,b) . By contrast, in 7% O 2 the worms moved slowly and dwelled locally, even after 2 h (Fig. 1c) . These enduring behavioral states remained sensitive to [O 2 ]: changing [O 2 ] switched behavior in seconds (Fig. 1a-c) . Thus, C. elegans persistently alters behavior according to [O 2 ]. 2 ], we visualized their responses to long-lasting stimuli in immobilized worms using the calcium sensor cameleon YC3.60 (ref. 24) . In parallel, we monitored behavioral responses to the same stimuli (Fig. 2a,b) . URX, AQR and PQR neurons displayed biphasic responses to a shift in O 2 from 7% to 21% ( Fig. 2b and Supplementary Fig. 2a-c 2 ] was 21%, in our longest experiment 20 min ( Fig. 2b and Supplementary Fig. 2a-c) . Upon return to 7% O 2 , [Ca 2+ ] rapidly fell to levels observed previously at this [O 2 ] . To extend our analysis we imaged O 2 -evoked Ca 2+ responses of URX and PQR neurons in npr-1 worms freely moving on Escherichia coli food. The responses obtained resembled those of immobilized worms, although they were noisier (Fig. 2c) , reflecting the difficulty of imaging neural responses in fast-moving animals. Together, our data suggest that AQR, PQR and URX neurons signal tonically in high [O 2 ].
RESULTS
The O 2 responses of AQR, PQR and URX require the GCY-35 and GCY-36 atypical soluble guanylate cyclase subunits 18, 19 . To link tonic signaling by these neurons with the behavioral states observed at high and low [ (Fig. 1b,c) . This phenotype was rescued by expressing gcy-35 cDNA specifically in AQR, PQR and URX (Fig. 1b,c) , or in URX only ( Supplementary  Fig. 3a,b) . Our data suggest that sustained high and low signaling by AQR, PQR and URX underpin the persistent behavioral states observed in high and low [O 2 ].
We also investigated the role of the BAG O 2 -sensing neurons in persistent O 2 responses. Ablating BAG or disrupting its O 2 response by deleting the gcy-33 soluble guanylate cyclase 19 did not abolish the persistent behavioral differences we observed in npr-1 worms at 21% and 7% O 2 , although gcy-33; npr-1 mutants exhibited increased locomotory activity at low O 2 ( Supplementary Fig. 3c-h ).
Thus, under our experimental conditions BAG neurons have a minor role in responses to high and low O 2 .
The ryanodine and IP 3 receptors sustain tonic signaling O 2 -evoked changes in [cGMP] in AQR, PQR and URX are thought to control cGMP-gated ion channels that include TAX-2 and TAX-4 subunits 15, [18] [19] [20] [21] . Disrupting these channels abolishes O 2 -evoked Ca 2+ responses in these neurons 18, 19 . Disrupting EGL-19, the sole C. elegans L-type voltage-gated Ca 2+ channel (L-VGCC) α 1 subunit, yielded similar phenotypes ( Supplementary Fig. 4 and ref. 25) , suggesting that L-VGCCs amplify the sensory potential, as reported in other C. elegans neurons 26, 27 .
We hypothesized that sustained O 2 -evoked Ca 2+ signaling might involve Ca 2+ release from the endoplasmic reticulum. To test this, we imaged mutants defective in the inositol-1,4,5-trisphosphate (IP 3 ) receptor, encoded in C. elegans by the itr-1 gene, and in the ryanodine receptor, encoded by unc-68. In worms bearing a reduction-offunction mutation of the IP 3 receptor, itr-1(sa73), URX and PQR often did not respond to a rise in [O 2 ], although in some worms the neurons responded normally (Fig. 2d,e and Supplementary  Fig. 5f ). Cell-specific knockdown of itr-1 in AQR, PQR and URX by RNA interference gave a stronger phenotype: a switch from 7% to 21% O 2 evoked an initial Ca 2+ peak, but the sustained Ca 2+ plateau at 21% O 2 was strongly reduced (Fig. 2d and Supplementary Fig. 5e ). Mutations in the ryanodine receptor also strongly reduced the sustained Ca 2+ responses evoked in URX and in PQR by high [O 2 ] (Fig. 2f,g and Supplementary Fig. 5b,c) . These data suggest that activation of L-VGCCs by the sensory potential is potentiated by Ca 2+ release through the ryanodine and IP 3 receptors during sustained signaling.
Halorhodopsin and channelrhodopsin control of O 2 sensors To investigate whether tonic signaling from O 2 -sensing neurons was required for continuous fast movement at 21% O 2 , we acutely inhibited these neurons using the light-driven chloride pump halorhodopsin (NpHR) 28 . Upon exposure to green light, npr-1 lite-1 worms grown on the rhodopsin cofactor retinal and expressing NpHR tagged with the red fluorescent protein mCherry in AQR, PQR and URX sharply reduced their movement on food. Control worms grown without retinal showed no behavioral change (Fig. 3a,b 
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To test this, we asked whether tonically activating AQR, PQR or URX, using channelrhodopsin-2 (ChR2), could induce npr-1 worms kept at 11% O 2 to move rapidly. We monitored ChR2 expression by tagging it with the yellow fluorescent protein mCitrine. To disrupt lite-1-dependent avoidance of blue light, we used an npr-1 lite-1 mutant background. Upon exposure to blue light, worms expressing functional ChR2 in AQR, PQR and URX substantially increased movement (Fig. 3c,d and Supplementary Video 2). When the light was switched off, worms resumed slow movement. Control worms grown without retinal showed no response. Fast movement was indistinguishable from that of the same worms kept at 21% O 2 without light activation. To extend our analysis, we gave npr-1 lite-1 worms expressing pgcy-32øChR2-mCitrine light stimuli of different durations. We first illuminated worms kept at 11% O 2 for 15 s with blue light, then, after an interval, exposed them to blue light for 15 min (Fig. 3e,f) . When blue light came on briefly, worms only transiently sped up; by contrast, sustained blue light elicited sustained fast movement. In both cases, when light was switched off, the worms returned to the slow movement typical of npr-1 worms in 11% O 2 . These results suggest that tonic activation of AQR, PQR or URX can induce sustained fast movement in npr-1 worms kept at low O 2 .
To ask whether each of the O 2 -sensing neurons could activate locomotion, we exploited the variable expression of transgene arrays, and selected worms in which ChR2-mCitrine was visible in a subset of the neurons. In worms with ChR2-mCitrine visible only in URX, blue light stimulated movement, but to a lesser extent than in worms expressing ChR2 in AQR, PQR and URX (Fig. 3c,d ). Worms expressing ChR2 in AQR or PQR alone also increased locomotory activity in blue light in comparison to control worms, but expression in both neurons gave stronger responses (Fig. 3g,h) . In all cases, the increased speed persisted in blue light and returned to pre-stimulation levels when light was switched off. Our results suggest that tonic activation of any one of AQR, PQR and URX can stimulate sustained fast movement.
Neuroexocytosis from O 2 sensors promotes rapid movement To examine whether release of synaptic vesicles or dense core vesicles from O 2 sensors helps sustain rapid movement in 21% O 2 , we created transgenic worms expressing a pgcy-32øtetanus toxinøgfp polycistronic construct. By cleaving synaptobrevin, tetanus toxin disrupts neuroexocytosis 29 . We then monitored the behavior of worms expressing GFP, and therefore tetanus toxin, in AQR, PQR and URX, or only in URX (Fig. 4a) . Worms with transgene expression visible only in URX showed a weak reduction in locomotory activity in 21% O 2 . By contrast, worms expressing the transgene in all three neurons moved much more slowly than non-transgenic controls at 21% O 2 , but they retained the ability to slow down appropriately in 7% O 2 . These data suggest that neuroexocytosis from one or more O 2 -sensor sustains rapid movement in high [O 2 ].
Previous work reported slightly different results, finding only a small effect of a pgcy-32øtetx transgene on locomotory activity 30 . This discrepancy may reflect variable expression of toxin from extrachromosomal arrays. As AQR, PQR and URX are peptidergic neurons 31 , we examined whether they differentially release neuropeptides at high and low [O 2 ]. In C. elegans, secreted GFP-tagged proteins are removed from body fluid by coelomocytes, which consequently become fluorescent 32, 33 . This allows release of fluorescently tagged neuropeptides to be followed by monitoring coelomocyte fluorescence 34 . To exploit this, we expressed red fluorescent protein (RFP)-tagged insulin-like peptide-1 (INS-1) specifically in AQR, PQR and URX, using the gcy-32 promoter. We confirmed that INS-1-RFP was correctly targeted by colocalizing it with the dense core vesicle marker IDA-1-GFP (Fig. 4b) . We then tracked coelomocyte fluorescence intensity when worms were exposed to 7%, 21% or 25% O 2 for different lengths of time. During 4 h of exposure to 7% O 2 , we observed no change in coelomocyte fluorescence (Fig. 4c) . In contrast, after a switch to 21% O 2 , coelomocyte fluorescence increased for 1 h and then plateaued. Worms switched to 25% O 2 showed larger increases in coelomocyte fluorescence, and it continued to rise throughout the 4-h exposure to this [O 2 ].
To confirm that accumulation of tagged INS-1 in coelomocytes reflects evoked release, we repeated the experiment in unc-64 syntaxin mutants, which have defects in dense core vesicle release. unc-64 mutants showed increased fluorescence in the cell body of PQR but very little fluorescence in coelomocytes, and the coelomocyte fluorescence was unaltered by O 2 experience (Fig. 4c) . These results suggest that high [O 2 ] evokes tonic release of neuropeptides from one or more O 2 sensors. Fig. 6 ). Thus, peptide signaling is required for wild-type responses to changes in [O 2 ].
egl-21 is expressed widely in the nervous system 35 . To examine whether it is required in O 2 sensors for appropriate O 2 responses, we downregulated it specifically in these neurons, using targeted RNAi. npr-1 worms expressing egl-21 sense and antisense RNA in AQR, PQR and URX moved appropriately slowly in 7% O 2 , but they sped up much less than non-transgenic siblings when switched to 21% O 2 (Fig. 4d) . This phenotype could be rescued by expressing an RNAiinsensitive egl-21 transgene in AQR, PQR and URX, confirming the effect was specific (Fig. 4d) (Fig. 5a,b) (Fig. 5c) . The O 2 -evoked Ca 2+ responses in AUA interneurons were attenuated but not abolished in gcy-35; npr-1 mutants (Fig. 5d) (Fig. 5e,f) . By contrast, loss of egl-21 substantially reduced O 2 -evoked responses in AUA without altering URX responses (Fig. 5e,g ). These data suggest that O 2 -evoked Ca 2+ responses in AUA partly reflect tonic peptidergic input.
To examine the functions of RMG and AUA in O 2 -evoked behavioral responses, we ablated them using a laser microbeam. Removing RMG abolished [O 2 ]-dependent changes in speed: worms with ablated neurons moved at speeds intermediate between those of npr-1 worms kept at 21% and 7% O 2 (Fig. 5h,i) . Ablating AUA had modest affects: naive AUA(-) worms were only slightly slower than mock-ablated controls at 21% O 2 and slowed down strongly when [O 2 ] fell to 7% (Fig. 5j) To show explicitly that activating URX head neurons evokes reversal, we selectively activated them using ChR2-EYFP. To keep O 2 sensor activity low when blue light was absent, we maintained worms at 7% O 2 using a microfluidic arena. We then shone a circle of blue light that illuminated only the head of npr-1 worms expressing ChR2 in URX and PQR for 1.5-2 s. To restrict blue light to a small area we used a prototype programmable array microscope (PAM), a fluorescence microscope in which a spatial light modulator is placed in the primary image plane (Fig. 6a) . Simultaneously, we observed behavioral changes using transillumination with yellow light. As predicted, activating URX elicited reversal behavior (Fig. 6d,e and Supplementary Video 3) in worms grown with the ChR2 cofactor retinal.
We next examined how selectively activating PQR alters C. elegans' movements. Because O 2 diffuses slowly in water, sharp gradients can be generated even across the 1 mm separating the sensory endings of URX in the head and PQR in the tail of an adult (Fig. 6c) 17 . We speculated that, unlike activating URX neurons, activating PQR neurons would promote acceleration without first provoking reorientation, allowing worms to escape efficiently if the tail but not the head detects a high [O 2 ]. To test this, we used the PAM to selectively illuminate the tails of worms expressing pgcy-32øChR2-EYFP while keeping them at 7% O 2 . As predicted, activating PQR elicited acceleration without reversal (Fig. 6d,f a r t I C l e S of npr-1 and gcy-35; npr-1 worms kept at 7% O 2 (Fig. 6b,c) . To control for behaviors elicited by mechanical stimulation, we also puffed 7% O 2 . Puffing 21% O 2 at the head of npr-1 worms robustly evoked reversal ( Fig. 6g and Supplementary Video 5) , whereas directing 21% O 2 at the tail elicited acceleration (Fig. 6h and Supplementary Video 6) . Puffing 7% O 2 at the heads or the tails of npr-1 worms kept at 7% O 2 had minimal effects on behavior (Fig. 6g,h) Fig. 1a,b) (Fig. 7a) (Fig. 7a) Fig. 7a,b) .
We next measured the behavioral responses of worms exposed to the (Fig. 7b and Supplementary Fig. 7c) (Fig. 7c,d and Supplementary Fig. 7d,e) . Altering d[O 2 ]/dt also altered the probability of reversals and turns. Transgenic rescue of gcy-35 mutants confirmed that URX could account for most of these responses (Fig. 7c-f and Supplementary Fig. 8b,c Fig. 7g and Supplementary Fig. 8d,e) , implicating a r t I C l e S neuroexocytosis in these responses. Toxin expression in URX alone reduced turning but not reversals (Fig. 7g) . RNAi knockdown of egl-21 in AQR, PQR and URX attenuated reversals and turns evoked by a switch from 7% to 21% O 2 both at high and low d[O 2 ]/dt ( Fig. 7h and Supplementary Fig. 8f,g ). These phenotypes were partly rescued by an RNAi-resistant transgene, suggesting that neuropeptide release from O 2 sensors contributes to these phasic responses.
Ablating RMG interneurons, which abolished modulation of movement by [O 2 ], also reduced the reversals and turns elicited when [O 2 ] rose ( Fig. 7i and Supplementary Fig. 8h,i) We first imaged O 2 -evoked Ca 2+ responses in AVA in npr-1 worms tethered by glue with food present (Fig. 8a) In the imaging experiments above using tethered npr-1 worms, AVA was active more than half the time when the worms were at 21% O 2 . However in our behavioral experiments, much fewer than 50% of npr-1 worms were reversing at any one time in 21% O 2 ( Fig. 7c and  Supplementary Fig. 8d,f,h) . Moreover, reversals were much briefer than the bouts of high AVA activity we imaged in immobilized worms ( Fig. 8a and Supplementary Fig. 9a,b) . We speculated that this discrepancy might reflect either attempts by immobilized worms to escape by long reversals or a need for feedback from locomotor activity to terminate AVA responses. To investigate this, we imaged AVA responses to O 2 stimuli in freely moving worms while simultaneously monitoring locomotion (Fig. 8b) . Under these conditions, AVA exhibited much shorter bouts of high [Ca 2+ ] for a much smaller proportion of the time (compare Fig. 8a,b) 2+ ] in these neurons, leading to tonic peptide release, long-lasting changes in downstream neural circuit activity, and sustained rapid movement in feeding worms (Supplementary Fig. 10a,b) (Supplementary Fig. 10a ). IP 3 receptors are generally thought to require IP 3 for activation, suggesting that O 2 -sensing neurons have an unknown source of this molecule 40 . In other systems ryanodine receptors are activated either through physical interaction with L-type VGCCs, as in skeletal muscle, or by Ca 2+ -induced Ca 2+ release (CICR), as in cardiac muscle 41 43 . It will be interesting to examine whether sustained neuropeptide release is a leitmotiv of tonically signaling neurons.
The two post-synaptic targets of URX we imaged, AUA and RMG, both exhibited persistent changes in [Ca 2+ ] following changes in [O 2 ] (Supplementary Fig. 10b ). In the case of AUA, this partly depended on peptidergic signaling. In the case of RMG, on the basis of the anatomy, communication is likely to be via gap junctions. The weak behavioral effect of tetanus toxin expression in URX alone would be consistent with this scenario. We have not explored the ion channels that allow persistent elevated Ca 2+ in either AUA or RMG. However, RMG is functionally required for the O 2 -evoked persistent changes in locomotory activity. It will be interesting to examine how far tonic signaling from O 2 sensors propagates through the C. elegans nervous system.
Besides 38 . A potential difference is that O 2 sensors could allow head-to-tail comparisons if PQR tonically sustains forward movement in high [O 2 ] unless overruled by increased phasic URX/AQR-AVA activity. We have not explored this here. Sustained activation of locomotion provides a potent way to escape aversive environments, particularly when directional avoidance cues are absent, whereas sustained inhibition of movement facilitates accumulation in favorable ones.
In summary, our data demonstrate a causal link between tonically signaling sensory neurons and persistent behavioral states. Tonically signaling neural circuits have been described in many mammalian brain areas-for example, midbrain dopaminergic neurons-but the way these relate to behavioral state is poorly understood. The tonic signaling system we have studied promotes O 2 homeostasis. Tonic receptors are apt as controllers of an animal's internal milieu. In primates, many interoceptive homeostatic systems feed into the insula, where they have been proposed to communicate a sense of the animal's well-being and to contribute to mood and behavioral state 44 . It will be interesting to examine whether tonic signaling by O 2 sensors functions similarly, modulating the strength of a range of C. elegans sensory responses according to ambient O 2 levels.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
